A population pharmacokinetic (PK) model was developed for cediranib to simulate cediranib exposure for different doses, including comedication with strong uridine glucuronosyl transferase/P-glycoprotein inducers such as rifampicin, in cancer patients.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Cediranib is a potent small molecule targeting vascular endothelial growth factor receptors (-1, -2, -3) and has linear pharmacokinetics suitable for once-daily (qd) oral dose administration.
• Cediranib 20 mg qd tablet coadministered with platinum-based chemotherapy followed by cediranib 20 mg qd in patients with ovarian cancer significantly increased progression-free survival compared with placebo plus platinumbased chemotherapy.
WHAT THIS STUDY ADDS
• A population pharmacokinetic model for cediranib was developed to characterize cediranib pharmacokinetics in cancer patients.
• Model-predicted unbound cediranib exposure after 15 or 20 mg qd dosing was above the in vitro IC 50 for vascular endothelial growth factor receptors-1, -2 and -3 overall, supporting these doses in cancer patients. 
Introduction
Ovarian cancer is the fifth most common cause of cancer death in women in the USA and the leading cause of death from gynaecological cancers in the UK [3, 4] . The current standard of care for treating platinum-sensitive relapsed (PSR) ovarian cancer is platinum-based doublet chemotherapy. Recently, angiogenesis has been validated as a therapeutic target in advanced ovarian cancer patients through the use of the monoclonal anti-vascular endothelial growth factor (VEGF) antibody, bevacizumab [5] . However, although bevacizumab has shown activity when combined with chemotherapy, the current indication does not support use in patients who have previously received this agent, or another VEGF inhibitor, in a first-line setting. Moreover, an increase in the use of alternative VEGF ligands has been reported in patients progressing on chemotherapy plus bevacizumab, suggesting that more comprehensive inhibition of VEGF signalling may be appropriate at that point [6] . Therefore, there remains a need for effective treatment options with an alternative anti-angiogenic treatment for patients at their first platinum-sensitive relapse.
Cediranib is a potent, orally administered, once-daily (qd) small-molecule tyrosine kinase inhibitor of VEGF signalling and angiogenesis that targets all three VEGF tyrosine kinase receptors (VEGFR-1, -2, -3); it also exhibits additional activity against stem cell factor receptor (c-kit)-dependent tumour growth [7] [8] [9] [10] [11] [12] [13] .
Cediranib is under development as a starting tablet dose of 20 mg in combination with platinum-based chemotherapy, followed by cediranib maintenance monotherapy (20 mg qd), for the treatment of PSR ovarian cancer. A 15-mg tablet is also used for patients who cannot tolerate the 20-mg qd dose [14] [15] [16] . In a randomized, double-blind, placebo-controlled, Phase III trial (ICON 6), cediranib was compared with placebo in combination with carboplatin and paclitaxel in PSR ovarian cancer patients. The results revealed superiority of the combination of carboplatin and paclitaxel with cediranib, followed by cediranib as maintenance therapy, with improved progression-free survival (11.4 vs. 8.7 months; hazard ratio [HR] 0.56; P < 0.0001) compared with placebo control [16] .
Intensive or sparse plasma concentrations were collected in 19 previous Phase I or II studies in patients with various types of cancer. Noncompartmental analyses to assess the pharmacokinetics (PK) of cediranib were conducted in individual studies with intensive plasma sampling [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Cediranib is administered in tablets as cediranib maleate and can be classified as a Biopharmaceutical Classification System 3 compound exhibiting high solubility and low permeability. Cediranib demonstrated linear PK with doses ranging from 0.5 to 60 mg. Cediranib was absorbed moderately slowly, with peak plasma concentrations observed typically within 1-5 h postdose. Plasma protein binding in human plasma for cediranib is~95%, with mean apparent volume of distribution at steady state ranging from 429 to 1290 l. Cediranib is metabolized via flavin-containing monooxygenase 1 and 3 (FMO1, FMO3) and uridine glucuronosyl transferase (UGT)1A4. Cediranib and its metabolites are mainly excreted in faeces (59%), with <1% of unchanged drug excreted in the urine. The mean apparent oral clearance of cediranib and its terminal half-life were [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . All patients provided written informed consent, and all trials were approved by the respective independent ethics committees and were conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Covariate data. Covariates of sex (male or female), age, race (Caucasian, black, Asian or other), body weight (WT), alkaline phosphatase, alanine aminotransferase, aspartate aminotransferase, total bilirubin, creatinine clearance, albumin, and platinum-containing chemotherapy were evaluated for their potential impact on cediranib PK parameters.
The final data for the analysis included a total of 7011 observations of cediranib concentrations from 625 patients with various types of cancer.
Model development
A base model was first developed, including random effects, interindividual variability (IIV), interoccasion variability (IOV) and residual error, and was used for subsequent covariate model development.
Base model. A one-compartment model with first-order absorption and first-order elimination was considered as an initial structural model to describe cediranib concentrationtime courses. Subsequently, more complex structural models were examined, including a two-compartment model with sequential zero-and first-order absorptions. The IIV of the typical PK parameters was modelled to be log-normally distributed. IOV was also evaluated for occasions with intensive cediranib plasma concentrations. Owing to a wide cediranib concentration range for the 5-90 mg doses, concentration data were log-transformed, and the residual variability was primarily modelled using an additive error on the log scale (proportional on untransformed scale; referred to as 'proportional error' hereafter).
Covariate model. Evaluation of the impact of intrinsic and extrinsic subject covariates on cediranib PK parameters were prespecified for the apparent clearance (Cl/F) and apparent volume of distribution of the central compartment (Vc/F), based on the clinical pharmacology profiling of cediranib. Covariates of WT, age, sex, race and platinum-containing chemotherapy were evaluated for both Cl/F and Vc/F, while covariates of aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, total bilirubin, albumin and creatinine clearance were only evaluated for Cl/F. Prior to covariate modelling, correlation between covariates was evaluated; only one of the covariates was included in the covariate evaluation for those highly correlated covariates. The relationship between continuous covariates and typical values of PK parameters (θ TV ) were modelled by power models:
where θ REF is the typical cediranib PK parameter at the median value (X Median ) of the continuous covariate X i and θ x is the fixed covariate effect of the power relationship to the normalized covariate (X i /X Median ). The relationships between categorical covariates (X i ) and the typical value of PK parameters (θ TV ) were modelled as:
where θ REF is the typical cediranib PK parameter at the reference value (one of the categories of categorical covariates) and θ x is the fixed effect for the proportional covariate model of the categorical covariate X i . Covariate search was implemented by a forward-inclusion and backward-elimination procedure through the stepwise covariate model building tool in Perl-speaks-NONMEM [33] . The level of significance was P < 0.01 for the forward inclusion of covariates. For retention of a covariate during backward elimination, P < 0.001 was used. Reductions in IIV and/or residual variability were also considered. The model including covariates after the backward-elimination step was called the final full covariate model. A summary table briefly describing the studies included in the analysis, information for bioanalysis, inclusion/ exclusion of data, handling of missing data, model evaluation, and software for computation is included in the supplementary material.
Model application
Impact of covariate effect on cediranib exposure. To assess the clinical relevance of the estimated covariate effects on cediranib exposure in terms of maximum concentration (C max ) and AUC, simulations were performed with the distribution of covariates from the dataset used for the development of the final PPK model, and with uncertainty of parameter estimates from refit to the bootstrapping datasets of the final PPK model dataset. A total of 1000 simulations were performed; for each simulated individual dataset, the ratios at the 5 th and 95 th percentiles of the covariate distribution to the median value for C max and AUC were calculated. Subsequently, the medians, as well as the 5 th and 95 th percentiles, of the simulated ratios were calculated and plotted as a forest plot to evaluate the covariate effects on cediranib exposure [34] .
Exposure comparison among different subject populations. The empirical Bayesian estimates for the 625 subjects in the final NONMEM dataset were used to predict cediranib C max at steady state (C max,ss ), minimum concentration at steady state (C min,ss ), and AUC ss following repeated daily dose administration of the same 20 mg dose of cediranib. The exposures for C max,ss , C min,ss and AUC ss were compared between patients with ovarian cancer and those with other cancers, and between patients with and without antihypertensive medication during cediranib treatment, all using box-and-whisker plots.
Simulations of cediranib plasma profiles and target coverage. Simulation was performed to describe plasma concentration-time profiles during 8 days of cediranib 15 and 20 mg dose administration with dense sampling. Two thousand individuals with covariate combinations were resampled from the dataset that was used for the PPK modelling. The simulated median and 90% confidence interval (CI) for free cediranib concentrations with a free fraction of 5% every 30 min was constructed and compared with the in vitro target cediranib plasma concentrations required to obtain 50% inhibition (IC 50 ) of VEGFR-1, -2 and -3 in a range of cell assays [7] .
Simulations of cediranib exposure in the presence of a strong CYP3A4 inducer. Simulations were also conducted to evaluate whether an increased dose would be needed to compensate for the average effect of a strong inducer of cytochrome P450 3A4 (CYP3A4), UGT and Pgp transporter, rifampicin, on cediranib exposure. Two tentative cediranib doses of 20 and 30 mg with coadministration of rifampicin 600 mg qd were selected for the evaluation. A total of 2000 individuals were simulated from the dataset used for the PPK modelling. In a previous cediranib and rifampicin drug-drug interaction study, the geometric mean ratio of steady-state AUC of cediranib with coadministration of rifampicin (600 mg/day for 7 days to steady-state) to without coadministration of rifampicin was 0.61 (0.57-0.66) [23] . Given the narrow range of the ratio and that cediranib exposure at steady-state induction of rifampicin is of pertinent clinical interest, the effect on steady-state cediranib exposure with coadministration of rifampicin was simulated by including a factor of increasing mean cediranib Cl/F of 1.64 (1/0.61). Comparisons of cediranib exposure in C max,ss and AUC ss for cediranib 15 and 20 mg administered alone vs. cediranib 20 and 30 mg coadministered with rifampicin 600 mg qd, respectively, were plotted as box-and-whisker plots with an overlay of the predicted exposures.
Results

Data
The final dataset consisted of 625 patients and 7011 cediranib plasma samples. The majority of patients were initially administered cediranib doses of 20 mg (24%), 30 mg (31%), or 45 mg (42%). Accordingly, the majority of the 7011 plasma samples were from patients who received cediranib 20 mg (20%), 30 mg (35%) or 45 mg (34%). A summary of continuous and categorical covariates is shown in Table 1 . Given the limited number of African American patients and patients with race labelled as Other in the dataset, these were pooled with Caucasian patients in the covariate analysis, resulting in only two categories for race, namely, Asian and non-Asian patients. Inclusion of these covariate effects reduced the IIV in Cl/F from 55.7 to 53.7 percentage coefficient of variation (CV%), and the IIV in Vc/F from 63.1 to 61.5 CV%. Parameter estimates for the final model are shown in Table 2 .
Model evaluation
The final covariate model was evaluated using standard diagnostic plots. All diagnostic plots (not shown, except for the prediction-corrected visual predictive check of the final model, which is shown in the supplementary material) demonstrated that the final model described the observed data and satisfied the model assumptions well. These model evaluations supported the view that the model adequately described cediranib concentration-time courses and was suitable for exposure simulation studies.
Model application
Impact of covariate relations on cediranib exposure. Forest plots for age and WT covariate effect on cediranib AUC and C max are shown in Figures 1 and 2 Population pharmacokinetic modelling for cediranib in cancer patients patients (n = 608) at steady state, assuming the same repeated daily cediranib 20 mg administration, are shown in Figure 3 .
Exposure comparison between patients with and without antihypertensive medication. Exposure comparisons in C max,ss , C min,ss and AUC ss between patients taking antihypertensive medication (n = 232) vs. no antihypertensive medication (n = 393), also assuming the same repeated daily cediranib 20 mg administration, are shown in Figure 4 .
Simulations of cediranib plasma profiles and target coverage. The simulated median unbound cediranib concentration after cediranib 15 or 20 mg repeat-dose administration, together with in vitro concentrations required to obtain IC 50 of VEGFR-1, -2 and -3 [5] , are shown in Figure 5 .
Simulations of cediranib exposure in the presence of strong CYP3A4/UGT/Pgp inducers. Box-and-whisker plots overlaying the different steady-state cediranib exposures for cediranib 15 or 20 mg without coadministration of rifampicin, and for cediranib 20 or 30 mg with coadministration of rifampicin 600 mg qd, are shown in Figure 6 . The simulations suggest that cediranib 20 or 30 mg, when coadministered with rifampicin, would have similar exposure to that of cediranib 15 or 20 mg administered alone.
Discussion
This analysis is the first comprehensive investigation of cediranib PPK in patients with a variety of cancer types. The final cediranib PPK model included a two-compartment disposition model with sequential zero-and first-order absorption. The disposition model is consistent with biphasic behaviour of the semi-log cediranib concentration-time courses observed in multiple studies with rich cediranib concentration sampling. Different absorption models were examined, and sequential zero-and first-order absorption was included in the final model because of a significant drop in OFV (283 units) and an improvement in the goodness of fit to the observed cediranib concentrations. For a typical individual of 73 kg and 59 years, the final PPK model predicted cediranib Cl/F of 26.3 l h -1 , V ss /F of 702 l (derived from Vc/F + Vp/F = 489 + 213), and a half-life of 24 h. These results are in agreement with previously reported values from noncompartmental analyses [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The IIVs were estimated to be 53.7 and 61.5 CV% for Cl/F and Vc/F, respectively, with high correlation (0.839), while the IIV for Ka was estimated to be larger (> 150 CV%). Many factors may contribute to the large IIV in Ka, for example, unknown or inaccurate dosing times (assuming dose in relation to nominal sampling). An IOV of 44.6 CV% was estimated for relative bioavailability, based on the rich sampling occasions. Since absolute bioavailability was not identifiable for oral dose administration, the IOV accounts for random variability in relative bioavailability between different rich sampling occasions and could also include any nonrecorded dosing error or lack of compliance, as well as potential variability in first-pass elimination (gut and liver) or fraction absorbed between occasions. The separate proportional residual error for sparse and trough sampling was estimated to be 47% and was larger than that for the rich profiles (27%). The larger proportional error for sparse plasma sampling may be a result of frequent imputation of dosing times prior to trough cediranib measurements to 09:00, or of potential IOV among different predose sparse data that were not estimated in the PPK analysis.
Among the covariates evaluated, only age and WT were identified as significant covariates. However, age and WT covariates explained only a very limited part of the overall variability in Cl/F and Vc/F and had limited effects on AUC and C max exposure. The AUC or C max ratios at the 5 th and Figure 1 Forest plot of the effect of age and body weight on the AUC of cediranib. Filled circles and error bars represent median and 90% confidence interval for the ratio of AUC at the 5 th or 95 th percentile of the covariate over that at the median value of the covariate Figure 2 Forest plot of the effect of age and body weight on the C max of cediranib. Filled circles and error bars represent median and 90% confidence interval for the ratio of C max at the 5 th or 95 th percentile of the covariate over that at the median value of the covariate Figure 3 Comparison of estimated C max,ss , C min,ss and AUC ss (normalized to 20 mg dose level) between ovarian and nonovarian cancer patients
Figure 4
Comparison of estimated C max,ss , C min,ss and AUC ss (normalized to 20 mg dose level) between patients taking antihypertensive drugs and those not. AHT, antihypertensive
Population pharmacokinetic modelling for cediranib in cancer patients th percentiles of the covariate distribution over that at the median (50 th percentile) were near or within normal bioequivalence criteria (0.8-1.25), suggesting that no dose adjustments are warranted in terms of either WT or age. It is also expected that neither liver nor renal function would impact cediranib PK [22, 28] . Cediranib is under development in combination with platinum-based chemotherapy, followed by cediranib maintenance monotherapy, for the treatment of PSR ovarian cancer. Since there was no dedicated Phase I study to characterize cediranib PK specifically in ovarian cancer patients, model-based simulations were conducted to predict the PK profiles and derive the steady-state exposure parameters in these patients. The simulation demonstrated that cediranib exposures between ovarian and other cancer patients are comparable overall, as shown in Figure 3 : individual predicted C max,ss , C min,ss and AUC ss from the 17 ovarian cancer patients are completely within the exposure ranges of the non-ovarian cancer patients.
As a VEGFR inhibitor, cediranib may increase blood pressure; hence, antihypertensive comedication for cediranib-treated cancer patients may be necessary at times. Differences in cediranib exposures (C max,ss , C min,ss and AUC ss ) between cancer patients taking antihypertensive medication and those not were evaluated using box-andwhisker plots. Figure 4 indicates that exposures in 232 patients who received antihypertensive medication were completely within the exposure ranges for patients who had not received such medication. Co-administration with antihypertensives appears to have no clinically relevant influence on the PK of cediranib.
A cediranib 15 mg tablet is also available for patients who cannot tolerate the 20 mg daily dose. Effective cediranib exposure following cediranib 15 or 20 mg qd was examined via a simulation analysis. Figure 5 indicates that the simulated steady-state median concentration-time course of unbound cediranib following a 15 or 20 mg qd dose exceeded the in vitro estimated IC 50 required to inhibit VEGFR-1, -2 and -3 [5] , regardless of the methods used to calculate these IC 50 values. Furthermore, the lower bound of the 90% predictive interval of this simulated steady-state mean concentration-time course (unbound cediranib) following a 15 or 20 mg qd dose also exceeded the IC 50 for VEGFR-2, the major target of cediranib, as well as the IC 50 for the inhibition of growth factor-stimulated receptor phosphorylation and growth factor-stimulated cellular proliferation. These results suggest that, overall, steady-state cediranib concentrations following repeat qd administration of 15 or 20 mg doses are predicted to cover the primary biomarker targets for cediranib for antitumour effects. Cediranib 20 or 15 mg (if not well tolerated) was studied in a randomized, double-blind, placebo-controlled, Phase III trial [16] comparing cediranib against placebo in combination with carboplatin and paclitaxel in platinumsensitive recurrent ovarian cancer patients. A total of 456 women have been randomized to receive standard Figure 5 Simulated median (black solid oscillation line) and 90% prediction interval (shaded area) of free cediranib plasma concentration-time profile following once-daily dose administration of cediranib 20 and 15 mg for 8 days, compared with in vitro IC 50 (horizontal lines) for VEGFR inhibition. C-P, estimate for inhibition of growth-factor-stimulated cellular proliferation; R-P, estimate for inhibition of growth-factor-stimulated receptor phosphorylation; T-G, estimate for inhibition of in vitro tubule growth carboplatin and paclitaxel plus placebo followed by placebo as maintenance therapy, or standard carboplatin and paclitaxel plus cediranib 20 mg/day followed by placebo or cediranib 20 mg/day as maintenance therapy. The combination of carboplatin and paclitaxel with cediranib followed by cediranib 20 or 15 mg qd as maintenance therapy improved PFS (11.4 vs 9.4 months; HR 0.68; P = 0.002) and resulted in a significant increase in median overall survival (20.3 vs 17.6 months; HR 0.70; P = 0.042), compared with the other two treatment regimens.
Cediranib is a Pgp substrate and its oxidative metabolism appears to be mediated by the flavincontaining monooxygenase (FMO) enzymes (FMO1 and FMO3), while phase 2 metabolism is mediated primarily via glucuronidation by UGT1A4. The final cediranib PPK model was used to simulate cediranib exposure for potential dose adjustments, if cediranib was to be coadministered with a strong inducer of the UGT/Pgp transporter, rifampicin ( Figure 6 ). Differences in predicted cediranib exposures in AUC ss or C max,ss between cediranib 20 mg alone vs. cediranib 30 mg coadministered with rifampicin 600 mg, or between cediranib 15 mg alone vs. cediranib 20 mg coadministered with rifampicin 600 mg, were <20%; moreover, these exposures largely overlapped with each other. These results suggest that the 15 or 20 mg qd dose may require an increase to 20 or 30 mg qd, respectively, when cediranib is coadministered with a potent inducer of UGT/Pgp such as rifampicin.
Conclusions
Cediranib concentration-time courses are well described by a two-compartment disposition and a sequential zero-and first-order absorption model. No covariate was identified requiring dose adjustment for cediranib in patients with cancer. However, an increase in cediranib dose, either from 15 to 20 mg or from 20 to 30 mg, may be needed when cediranib is coadministered with a strong UGT/Pgp inducer such as rifampicin. Cediranib exposures following repeated, once-daily 15 or 20 mg administration are adequate overall with respect to target coverage for the inhibition of in vitro estimated VEGFR-1, -2 and -3 activities.
